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Summary
Background: By acting as a dynamic link between adjacent
cells in a monolayer, adherens junctions (AJs) maintain the
integrity of epithelial tissues while allowing for neighbor ex-
change. Although it is not currently understood how this
combination of AJ stability and plasticity is achieved, junc-
tionally associated actin filaments are likely to play a role,
because actin-based structures have been implicated in AJ
organization and in the regulation of junctional turnover.
Results: Here, through exploring the role of actin cytoskeletal
regulators in the developing Drosophila notum, we have iden-
tified a critical role for Cdc42-aPKC-Par6 in the maintenance of
AJ organization. In this system, the loss or inhibition of Cdc42-
aPKC-Par6 leads to junctional discontinuities, the formation of
ectopic junctional structures, and defects in apical actin cyto-
skeletal organization. Affected cells also undergo progressive
apical constriction and, frequently, delamination. Surprisingly,
this Cdc42-aPKC-Par6-dependent regulation of junctional sta-
bility was found to be independent of several well-known tar-
gets of Cdc42-aPKC-Par6: Baz, Lgl, Rac, and SCAR. However,
similar AJ defects are observed in wasp, arp2/3, and dynamin
mutant cells, suggesting a requirement for actin-mediated en-
docytosis in the maintenance of junctional stability down-
stream of Cdc42. This was confirmed in endocytosis assays,
which revealed a requirement for Cdc42, Arp2/3, and Dynamin
for normal rates of E-cadherin internalization.
Conclusions: By focusing on the molecular mechanisms re-
quired to maintain an epithelium, this analysis reveals a novel
role for the epithelial polarity machinery, Cdc42-Par6-aPKC,
in local AJ remodeling through the control of Arp2/3-depen-
dent endocytosis.
Introduction
Adherens junctions (AJs) linking adjacent cells in an epithelium
can modulate local actin filament dynamics [1, 2]. Conversely,
actin filaments can regulate the establishment, maintenance,
and organization of AJs [3–6]. The link between the apical actin
cytoskeleton and AJs is therefore a complex and intimate one.
A good illustration of this dynamic interplay is seen during the
morphogenesis of the extending Drosophila germband, where
polarized junctional pools of actin filaments together with
*Correspondence: b.baum@ucl.ac.ukMyosin II promote the selective destabilization of AJs with
specific orientations, driving cell intercalation [7, 8]. This ability
to translate actin-dependent changes in junctional organiza-
tion into plastic changes in tissue architecture requires that
AJs be dynamic structures. In many cases, this is made possi-
ble by matching high rates of junctional material delivery to the
cell surface with high rates of endocytosis-mediated junctional
removal [9, 10]. Although actin filaments have been implicated
at several steps in this type of recycling process [11, 12], it is
not yet known how actin filament dynamics and AJ turnover are
coordinated in epithelial cells. To investigate this link between
actin and AJs, we have focused our attention on the junctional
role of the Rho-family GTPase Cdc42, because Cdc42 has been
implicated in the regulation of actin filament dynamics [11], in
the control of epithelial cell polarity and junctional organization,
and in vesicle trafficking [13–15]. This analysis in theDrosophila
notum shows that Cdc42, Par6, and aPKC maintain AJ stability
by promoting the endocytosis of junctional material, acting
together with downstream regulators of actin filament nucle-
ation, WASp and the Arp2/3 complex, and Dynamin. These data
reveal an unexpected link between the local junctional activity
of Cdc42-aPKC-Par6, actin-dependent endocytosis, and the
maintenance of junctional homeostasis.
Results
Cdc42 Is Required for the Maintenance of Epithelial
Junctional Stability
To analyze the function of Cdc42 in epithelial cells, we used
E-cadherin antibodies and E-cadherin-GFP to visualize AJ
organization and dynamics in cdc423 mutant clones during the
development of the dorsal thorax of Drosophila pupae. Strik-
ingly, in both live and fixed tissue, the distribution of E-cad-
herin in cdc42 mutant clones (marked by the loss of nuclear
GFP) appeared fragmented and irregular (Figures 1A, 1D,
and 1E). This phenotype was mirrored by changes in the distri-
bution of alpha-catenin and beta-catenin (Armadillo) (Figures
1B and 1C), indicating that defects in E-cadherin localization
reflect changes in the organization of intact junctional com-
plexes. Common defects in cdc42 mutant cells included junc-
tional discontinuities, abnormal junctional extensions, and
isolated E-cadherin-rich puncta (Figures 1A, 1D, and 1E; ab-
normal structures are quantified in Figure 1F). These local
changes in junctional architecture were accompanied by junc-
tional shortening and by the gradual constriction of cdc42 mu-
tant cell apices (Figures 1A–1E and 1G–1I). This was the case
even though total levels of junctional E-cadherin remained un-
changed across the length of shortened junctions (Figure 1H).
In addition, the reduction in junctional length was similar along
cdc42/cdc42 interfaces and at cdc42/wild-type interfaces at
the clone boundary—approximately half the length of junctions
connecting adjacent wild-type cells (Figure 1G). Thus, the loss
of Cdc42 from one side of a junction is sufficient to reduce the
length of the junction as a whole, and little junctional material is
lost in this process. In many cases, this gradual reduction in
junctional length and the loss of apical material culminated in
basal cell delamination, followed by apoptosis (Figures S1A–
S1D, available online). It seems unlikely that epithelial cell
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(A–C) Negatively marked cdc423 clones from pupal nota atw16 hr APF, marked by the loss of nuclear GFP, were fixed and stained for components of the AJ,
E-cadherin (A), a-Catenin (B), and Armadillo (C). Each of the markers reveals a disruption in AJ architecture: ectopic apical structures (arrows), local junc-
tional thinning, thickening, and junctional breaks (thick arrows). Arrowhead in (B) illustrates wild-type cells stretched under the influence of the neighboring
cdc423 clone.
(D–E0) E-cadherin-GFP was used to visualize junctional defects, including breaks (thick arrow) and apical puncta (arrow) and epithelial deformation (E0) in
cdc42 mutant clones in live pupal nota.
(F) The numbers of ectopic E-cadherin-rich structures (tubules and puncta) were quantified in images from live animals in cdc423 clones and in unperturbed
wild-type cells (p = < 0.0001, n = 100 from a minimum of four different animals in each case).
(G) The lengths of cdc42/cdc42 (n = 40 from four animals) and cdc42/+ (n = 38 from four animals) cell-cell interfaces were quantified in E-cadherin-GFP-
expressing tissue and were significantly reduced when compared to +/+ junctions (p = 0.0001, n = 35 from four animals).
(H) Nevertheless, E-cadherin fluorescence intensity along the length of each junction was largely unaffected.
(I) Apical cell area is significantly reduced in cdc423 mutant cells (p = < 0.0001, n > 50 cells in each case from four animals). cdc42/WT cells are wild-type cells
that are in direct contact with a cdc42 mutant cell. Scale bars represent 10 mm. APF denotes after puparium formation.
Error bars in graphs indicate the standard deviation (SD).delamination in this case is a consequence of the loss of the ad-
hesive strength of affected junctions, because the boundaries
of cdc42 mutant clones invariably appear jagged and are me-
chanically strong enough to stretch surrounding wild-type tis-
sue (Figures 1E and 1I). Instead, over time, local discontinuities
(thick arrows in Figures 1A–1E) may compromise the overall
integrity and stability of the junction.
We used two approaches to follow the progression of the
Cdc42 loss-of-function phenotype. First, we imaged E-cad-
herin-GFP-labeled junctions within cdc42 clones live through a
hole in the pupal case (Figures S2A–S2A00). Second, we useda small-molecule inhibitor of Cdc42 activation, Secramine A
(SecA) [16] (Figures S2B–S2E), to test the effects of an acute
loss of Cdc42 function in tissue explants. As a test for drug
specificity, we showed that SecA elicits the vesicle-transport
defects in theDrosophila notum expected for a Cdc42 inhibitor
([16] and Figure S3), without enhancing the cdc42 mutant phe-
notype (Figures S3H and S3I). In both experiments, the loss
of Cdc42 activity was associated with the formation of E-
cadherin-rich junctional extensions and with the evolution of
these tubular structures into puncta (Figures S2A–S2A00 and
S2B–S2B00 00, see arrows in Figures S2A00 and S2B). In contrast,
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type cells or in control explants incubated for up to 1 hr in se-
rum-free M3 medium (Figure S2C). By quantifying changes in
junctional organization in nota fixed at different times following
after SecA treatment (Figures S2D and S2E), we also observed
a steady reduction in apical area (Figure S2F), which was ac-
companied by a progressive increase in the number of junc-
tional extensions and puncta (Figures S2F–S2G). These data
imply a continuous requirement for Cdc42 function for the-
maintenance of proper AJ organization and stability in the no-
tum.
Cdc42 Acts Together with Par6 and aPKC
in the Regulation of AJ Stability
Cdc42 has been shown to act together with Par6, aPKC, and
Baz (Par3) in the regulation of cell polarity, AJs, and vesicle
transport in a variety of systems [15, 17]. Together, they form
the so-called ‘‘Par complex’’ [17]. To determine whether Cdc42
acts as part of this complex in the maintenance of AJs, we used
immunofluorescence to image junctional Baz, aPKC, and Par6
in both wild-type and cdc42mutant cells. As expected, all three
proteins were found concentrated at the site of wild-type apical
cell-cell junctions (Figures 2A–2C). In cdc42mutant cells, how-
ever, the tight junctional localization of Par6 and aPKC was lost
(Figures 2A and 2B). Baz, meanwhile, remained localized at
junctional sites in cdc42 mutant cells (Figure 2C). Similarly, in
functional studies, apkc and par6mutant cells exhibited a phe-
notype like that of the cdc42 mutant (Figures 2D and 2E), with
frequent AJ discontinuities and extensions, apical constriction
(Figure S4), and tissue folding. Moreover, Par6 and aPKC local-
ization proved interdependent (Figures 2G–2I). By contrast,baz
mutant clones failed to generate visible changes in AJ organi-
zation (Figure 2F) and had relatively little impact on levels of
junctional aPKC (Figure 2J). Taken together, these data sug-
gest that Cdc42, Par6, and aPKC act relatively independently
of Baz in the control of AJ stability in the notum. Interestingly,
Cdc42, Par6, and aPKC also appear to function independently
of Lgl in this system [18] (Figure S5). Finally, a close look at Par6
and aPKC staining at the margin of cdc42, par6, or aPKC
mutant clones revealed an additional layer of complexity:
The loss of Par6 or aPKC from the mutant side of a junction at
the clone boundary was accompanied by loss of aPKC and
Par6 from the corresponding wild-type side (arrows in Figures
2A and 2B and 2G–2I). This ability to communicate Cdc42-
Par6-aPKC status across an adhesive cell-cell interface may
explain why it is that the loss of Cdc42 from one side of the junc-
tion is sufficient to alter its overall stability (Figure 1G).
WASp, Arp2/3, and the Actin Cytoskeleton
Are Required for the Maintenance of AJs
By staining actin filaments with fluorescently conjugated phal-
loidin, we observed a dramatic change in apical actin filament
organization in cdc42 mutant epithelial cells in the notum (Fig-
ures 3A–3A0). Therefore, having ruled out roles for Baz and Lgl
as downstream effectors of Cdc42, Par6, and aPKC in this
system, we focused our attention on a possible link between
Cdc42, actin dynamics, and the maintenance of AJ stability.
In our search for actin regulators that might mediate the effects
of Cdc42 on AJ organization and stability (Figures 3B–3G), we
first considered the possibility that Rac and SCAR might act
downstream of Cdc42 to control AJ organization in this sys-
tem, as suggested by studies in cell culture [19, 20]. A dramatic
reduction in Rac activity (loss of Rac1 and Rac2 and one copy
of Mtl [21]) or the loss of SCAR (also known as WAVE) [22] had
no visible impact on E-cadherin localization (Figures 3B and
3C), even though loss of SCAR led to a dramatic reduction in
the level of junctionally associated actin filaments (Figure 3H).
We then analyzed AJs in tissue from transheterozygous wasp
(wasp1/Df3R 3450) [23] and homozygous arp66B mutant pu-
pae [23, 24] to determine the role of the Cdc42 target WASp
and the Arp2/3 complex in this system. In both wasp and
arp66B mutant epithelial cells, defects in actin organization
(Figures 3I–3K) were accompanied by changes in AJ architec-
ture (Figures 3D–3G), including frequent junctional discontinu-
ities and the accumulation of ectopic junctional structures
(Figure 3L). More significantly, in sop2 mutant clones, another
component of the Arp2/3 complex [24], cells accumulated
junctional defects and underwent apical constriction (Figures
Figure 2. Cdc42 Acts Together with Par6 and
aPKC but Independently of Baz in AJ Mainte-
nance
(A–C) Cdc42 is required for the correct apical
localization of Par6 (A) and aPKC (B) but not Ba-
zooka (C). Loss of cortical Par6 and aPKC is often
observed on both sides of a mutant/WT junction
(arrows). Like E-cadherin, Baz accumulated to
higher than normal levels at short cdc42/+ and
cdc42/cdc42 junctions and was occasionally
seen in apical puncta (C).
(D and E) par6 and aPKC mutants phenocopy
loss of Cdc42.
(F) Loss of Baz had no significant effect on E-cad-
herin localization or apex size.
(G–J) The localization of junctional aPKC and
Par6 is interdependent (G–I). Arrows highlight the
loss of aPKC and Par6 from interfaces at clone
boundaries. In baz clones there was a slight but
noticeable reduction in cortical aPKC levels (J).
Scale bars represent 10 mm.
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that the maintenance of AJ stability is dependent on Cdc42
and the WASp-Arp2/3-actin pathway but is unaffected by
loss of the SCAR-dependent pool of junctional actin.
Junctional Stability Requires Cdc42, Arp2/3,
and Dynamin-Dependent Endocytosis
Recent studies in several systems have identified WASp and
the Arp2/3 complex as key downstream targets of Cdc42 in the
promotion of endocytosis [14, 25] and have implicated Cdc42,
aPKC, and Par6 in this process [14, 15]. These data suggested
the possibility that the loss of junctional stability in the cdc42,
aPKC, par6, wasp, and arp66B mutant cells in the notum re-
sults from a reduction in endocytosis-mediated junctional
turnover. As a first test of this hypothesis, we used the drug
Dynasore [16] and a temperature-sensitive dynamin mutant
(shibire) to probe the junctional role of Dynamin, a key positive
regulator of endocytotic vesicle scission [26]. In both cases, af-
ter shifting shibiretsmutant tissue to the restrictive temperature
or after treating tissue explants with Dynasore, we observed
an accumulation of junctional discontinuities, E-cadherin-rich
junctional extensions, and puncta (Figures 4A–4C, quantified
in Figure 4D). Moreover, these local defects were accompanied
by regionalized apical constriction and a widespread disrup-
tion of normal epithelial packing (e.g., center of Figure 4C). In
live tissue explants, Dynasore was also found to induce the
formation of ectopic E-cadherin-GFP-labeled junctional exten-
sions, some of which resolved into puncta (Figures 4E and 4F),
which mirrored AJ defects seen in SecA-treated nota (Figures
S2B) and cdc42 mutant clones (Figures S2A). These data
suggest that Arp2/3 and Dynamin act together to regulate AJ
internalization, as they do in other systems [25, 26]. In a sepa-
rate experiment, we tested the role of Clathrin by using clathrin
heavy chain mutant flies [27]. chc1 cells rapidly delaminated
from the tissue, preventing a detailed analysis of junctional sta-
bility. However, junctional irregularities, including puncta and
tubules, accumulated in heterozygous chc1/+ tissue (data not
shown), suggesting that Clathrin may contribute to junctional
turnover and stability in this system.
If the junctional phenotypes arising from a reduction in
Cdc42 activity result from a decrease in the rate of endocyto-
sis, it follows that the ectopic junctional structures observed
in the cdc42 mutant should remain on the cell surface. To test
whether or not this is the case, and to determine how the
defects seen at the macroscopic level translate into changes
in AJ organization at the microscopic level, we used transmis-
sion electron microscopy (EM) to image electron-dense junc-
tions in stained thin apical-basal-oriented cross-sections from
control, SecA-, and Dynasore-treated nota. In EM images of
both SecA- and Dynasore-treated nota, electron-dense junc-
tions appeared abnormally long, convoluted, and branched,
as expected for a treatment that induces a block in endocytosis
(Figures 4G–4L). These long stretches of junctional material
were frequently interrupted by membrane protrusions, which
could account for the junctional breaks seen at the light level.
In addition, we identified a number of ‘‘vesicular’’ structures
in EM sections of SecA- and Dynasore-treated nota (never in
the control). Interestingly, when analyzed in consecutive
serial sections, each of these proved to be a tubule that was
continuous with a nearby epithelial junctional interface (Figures
Figure 3. Specific Apical Actin-Filament-Based
Structures Are Required for the Maintenance of
AJ Stability
(A and A0) cdc423 mutant clones stained with flu-
orescently conjugated phalloidin show disrupted
apical actin filament organization.
(B–G) Proper AJ organization does not require
normal levels of Rac (rac1J11, rac2D and mtlD/+)
or SCAR ([C], mutant tissue is above the dotted
line). However, junctional defects were ob-
served in trans-heterozygouswaspmutant tissue
(wasp1/Df3R 3450) (D) and in homozygous
arp66B mutant tissue (G). The wasp1/+ and
arp66B/+ control nota exhibited few junctional
irregularities (E and F).
(H–K) Junctional actin filaments were lost in scar
mutant clones (H). Apical actin appeared disrup-
ted in wasp mutant tissue (I), but not in wasp1/+
control tissue (J). Both types of apical actin struc-
tures were lost in homozygous arp66B mutant
tissue, as expected if both WASP and SCAR acti-
vate the Arp2/3 complex (K). Note that (K) shows
the same cells and is in the same apical plane
as (G).
(L) Ectopic junctional structures (tubules and
puncta) were quantified in wasp and arp66B
mutant tissue (p = < 0.0001, n > 50 cells from four
animals for each genotype).
(M and N) Flies carrying a mutation in sop2 were
used to generate mutant clones lacking the
Arp2/3 complex. This induced junctional irregu-
larities (M) and a reduction in apical cell area
(n = 50 cells from four animals; p = < 0.0001) (N),
similar to that seen in cdc42, par6, and aPKC
clones.
Scale bars represent 10 mm. Error bars in graphs
indicate the SD.
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(A–C) Ectopic E-cadherin structures are seen in explants treated with Dyna-
sore for 20 min, but not in the control, and in shibirets mutant nota after 1 hr
at the restrictive temperature.
(D) The number of ectopic AJ structures (tubules and puncta) was signifi-
cantly increased in both cases (p = < 0.0001, n > 50 cells from four animals
for each experiment). Error bars indicate the SD.
(E and F) Nota expressing E-cadherin-GFP were imaged live in the presence
of Dynasore, revealing the rapid development of junctional defects, tubules
(arrows in [E] and [F]), and puncta.
(G–L) Transmission EM reveals elongated and disorganized junctions after
the inhibition of Dynamin or Cdc42. Nota were treated for 20 min in control
medium, or in medium containing Dynasore or SecA prior to processing for
EM. Apical is up and basal down in all images. The vast majority of control
junctions were short and perpendicular to the plane of the epithelium (G and
J). AJs in Dynasore-treated (H) and SecA-treated (I) nota were significantly4K–4K00 and 4L–4L00 0). This raises the possibility that the puncta
seen under the light microscope are surface structures. As a di-
rect test of this idea, we used an antibody targeted against the
extracellular portion of E-cadherin to label surface E-cadherin
in fixed, nonpermealibilized tissue (Figures 4M–4O). An anti-
body against the cytoplasmic junctional protein beta-Catenin
(Armadillo) served as a control for the maintenance of the
plasma-membrane barrier function prior to permeabilization,
and a Baz antibody was used as a positive control to label
both internal and external junctional structures in the same
sample after Triton-X-mediated tissue permeabilization. In
this way we showed that many of the junctional extensions
and puncta seen in SecA- and Dynasore-treated tissue are sur-
face structures that contain extracellular E-cadherin but not
beta-Catenin (Figures 4M and 4N). Similar structures were
not seen in the control (Figures 4O–4O00).
We then established a series of assays to test whether this
accumulation of abnormal surface-E-cadherin-based struc-
tures in cdc42 mutant tissue is accompanied by a reduction in
the rate of endocytosis. In the first set of experiments, we used
TRITC-labeled dextran to label a recently internalized pool
of E-cadherin within epithelial cells of the notum (Figures 5A–
5E, quantified in Figure 5B). This fluid-phase marker, TRITC-
dextran, colocalized with E-cadherin-GFP in 82 out of 84 of
the relatively rare, large internal AJ-containing vesicles within
wild-type tissue (Figures 5B and 5C). By contrast, in cdc42mu-
tant tissue, the vast majority (98 out of 102) of ectopic E-cad-
herin structures failed to colocalize with internalized TRITC-
dextran (Figures 5B and 5D), whereas vesicular TRITC-dextran
was entirely absent from arp66Bmutant tissue (Figures 5E and
5F). To monitor the uptake of surface E-cadherin in wild-type,
cdc42, and arp66Bmutant tissue, we then repeated this pulse-
chase experiment with an extracellular E-cadherin antibody.
In this case, after a 20 min pulse and a brief chase with M3
medium, tissue was fixed in the absence of detergent, and the
surface E-cadherin signal was quenched with a secondary
antibody. Cells were then permeabilized to label internalized
E-cadherin with a different Alexa546 secondary antibody. In
wild-type tissue, internalized E-cadherin was localized in bright
vesicular structures close to the apical cell surface (Figure 5G).
These were dramatically reduced in number and intensity
within cdc42 mutant clones (Figure 5H) and were largely ab-
sent from arp66B mutant tissue (Figure 5I). Thus, the loss of
Cdc42, Arp2/3, or Dynamin activity is associated with an accu-
mulation of ectopic surface junctional structures and with a
reduction in the rate of junctional endocytosis.
Discussion
This analysis of Cdc42 in Drosophila epithelial cells reveals a
novel role for Cdc42, both in the regulation of the actin cyto-
skeleton and in AJ maintenance and stability. In this capacity,
longer and less well oriented with respect to the epithelium (junctions de-
noted by white bar). Serial sections in (K)–(K00) and (L)–(L00) show internal
junctional structures in SecA-treated nota that are connected to a nearby
cell-cell junction.
(M–O) In order to reveal surface-E-cadherin-containing structures, nota
treated with SecA (M–M00), Dynasore (N–N00), or control medium (O–O00)
were fixed and stained for extracellular E-cadherin and Arm without perme-
abilization. E-cadherin-positive, Arm-negative tubules and puncta were ob-
served in drug-treated nota (arrows in [M] and [N]) but not control nota (O).
After permeabilization, nota were stained for Baz (M0, N0, and O0). High gain
levels were used in (M00), (N00), and (O00) to observe residual Arm staining.
Scale bars represent 10 mm.
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aPKC. It may appear surprising that Cdc42, aPKC, and Par6
act relatively independently of Baz (Par3) in the notum, given
that Baz has been shown to act as a landmark to define the
future site of E-cad localization and AJ formation in the embryo
[28] and to define neuroblast polarity upstream of Cdc42,
aPKC, and Par6 [29]. However, the localization and function
of Baz are distinct from those of Par6 and aPKC in many tis-
sues. Moreover, the differences go further, because in the con-
text of the notum, Cdc42, Par6, and aPKC are not required to
maintain a polarized epithelium, and do not appear to function
together with Lgl (Figure S5). A possible explanation for the re-
duced dependency of epithelial architecture in the notum on
these molecules is the structural support gained from overlying
apical cuticle and the basal lamina during its relatively slow de-
velopment. Because of this, junctional defects in cdc42mutant
clones in this tissue are less likely to be an indirect conse-
quence of a primary defect in apical-basal polarity. Moreover,
the inherent stability of this epithelium made it possible to iden-
tify a novel role for the Cdc42-Par6-aPKC complex in the
Figure 5. Cdc42 and Arp2/3 Promote E-Cad
Endocytosis
(A–D) In a 20 min TRITC-Dextran uptake assay,
few Dextran-labeled endocytic structures are ob-
served within cdc42 mutant clones. Outside the
clone, E-cadherin spots colocalize with Dextran
(arrows in [A] and [A0], and [C]). In cdc42 mutant
cells, almost all E-cadherin puncta and tubules
lack Dextran staining (A, A0, and D). (B) Colocali-
zation was quantified in wild-type cells (n = 206
cells from four animals) and in cdc42mutant cells
(n = 71 cells from four animals). Error bars repre-
sent standard deviation between animals.
(E–F0) Dextran puncta are not observed in arp66B
mutant tissue (F), under the same conditions as
the control (E), despite the presence of E-cad
puncta (F0) in the same tissue.
(G–I) In a 20 min E-cadherin uptake assay, re-
duced levels of intracellular E-cadherin are seen
within cdc42 mutant clones (H) and in Arp66B
mutant tissue (I) compared to the control (G). Im-
age intensity has been scaled in (I) so that laser
intensity is equivalent across (G)–(I).
Scale bars represent 1 mm in (C) and (D), and
10 mm in all other panels.
communication of polarity information
across cell-cell junctions within the plane
of the epithelium, something that may
have been obscured by apical-basal
polarity defects in studies in less stable
epithelia.
Several lines of evidence suggest that
the AJ defects seen in cdc42, aPKC, or
par6 mutant cells result from defects in
the internalization of junctional material,
rather than from defects in the delivery
of E-cadherin to the plasma membrane.
First, junctional E-cadherin levels re-
main high in cdc42 mutant clones (Fig-
ures 1E and 1H), enabling these cells
to pull on surrounding cells. Second, in
cdc42 clones, tubules and tubule-
derived puncta containing E-cadherin, alpha-Catenin, and
beta-Catenin remain continuous with the cell surface—as visu-
alized with a probe for extracellular E-cadherin (Figures 4M–
4O) and by transmission EM (Figures 4G–4L). This is the
case, even though the vast majority of the rare, large E-cad-
herin puncta seen by light microscopy in the wild-type
are found associated with an internalized fluid phase marker.
Third, similar structures accumulate after a transient block in
endocytic vesicle scission, resulting from the inhibition of Dy-
namin function (Figures 4A–4F) [26]. These data suggest that
the primary defect induced by loss of Cdc42 is a defect in
the endocytosis-mediated turnover of junctional material.
Nevertheless, a detailed analysis of the molecular dynamics
of E-cadherin-GFP at wild-type and mutant AJs is needed to
quantify the contribution of Cdc42-mediated endocytosis to
the normal rate of E-cadherin turnover.
How then do Cdc42, aPKC, and Par6 activate endocytosis
to drive normal junctional turnover? Having identified a role
for Cdc42 (aPKC and Par6) in apical actin organization, we fo-
cused our attention on actin cytoskeletal regulators known
Cdc42 Regulates AJ Endocytosis and Stability
1637to act downstream of Cdc42 in answering this question. Signif-
icantly, both WASp and the Arp2/3 complex (but not Rac or
SCAR) were found to be required for the maintenance of a
normal apical actin cytoskeleton and AJs. Because WASp is
a well-established Cdc42 target [11, 14], this suggested that the
effect of Cdc42 on junctional endocytosis is mediated directly
through WASp. The junctional phenotypes observed in WASp,
however, appear weaker than those seen after the loss of Arp2/
3, Cdc42, or Dynamin. This may be the result of protein perdur-
ance. Alternatively, this observation may point to the existence
of other proteins that act in parallel with WASp to stimulate
Arp2/3-mediated vesicle scission downstream of Cdc42. In
fact, a number of Cdc42 targets have been shown to affect ac-
tin nucleation and membrane tubulation [30, 31]. Nevertheless,
the striking similarities between the AJ phenotypes induced by
loss of Arp2/3, Dynamin, and Cdc42, together with recent data
implicating Cdc42, Par6, and aPKC in the regulation of vesicle
trafficking and endocytosis [14, 15], provide strong evidence
that the primary defect in each case is a block in actin-mediated
endocytosis. On the basis of this analysis, we suggest that the
cdc42, par6, and apkc phenotype arises in the following way.
First, a reduction in the activity of Cdc42-aPKC-Par6 on one
side of an AJ translates into a reduction of Cdc42-aPKC-Par6
activity on the opposing side, resulting in a concomitant reduc-
tion in the activity of WASp and the Arp2/3 complex, leading
to defects in Dynamin-dependent endocytosis along the entire
cell-cell interface. The resulting failure to remove excess mate-
rial from the ends of the AJ causes junctional spreading, as ob-
served in electron micrographs. This leads to the formation of
the discontinuous junctions, junctional extensions, and punc-
tate surface structures visible in confocal images. Over time,
this has the effect of destabilizing AJs, leading to the loss of
apical material and, eventually, to cell delamination. In this
view, Cdc42-Par6-aPKC regulate local Arp2/3-mediated endo-
cytosis to maintain AJs in a state of dynamic equilibrium. Inter-
nalized junctional material can then be recycled back to the cell
surface [9] to engage in cell-cell adhesion in a well-regulated
fashion. Importantly, this modelpredicts that thestability ofAJs
is intimately linked to their turnover—a feature that makes AJs
inherently plastic.
Experimental Procedures
Fly Stocks
Mutant clones were generated with a Flp-FRT or Ubx-FRT system for the
following mutants: cdc423 [32], par6226 [33], aPKCK06403 [33], baz4 [33], lgl4,
scarD37 [22], sop2Q255D [24], and chc1 [27]. Clones homozygous for rac1J11,
rac2D and heterozygous for MtlD were generated as previously described
[21]. For the genetic analysis of the WASp and the Arp2/3 complex, we stud-
ied the phenotypes of wasp1/Df 3R3450 [23] and arp66B [24] homozygous
mutant pupae, and the Dynamin loss of function was induced with a shits
allele [34]. Mutant clones were generated by heat-shocking late L2 larvae
for 1 hr at 37C, and the shits tissue was fixed after a 1 hr shift to 29C. We
confirmed that defects observed in cdc423 mutant clones could be rescued
through the expression of a Cdc42 transgene (data not shown). Live imaging
was performed with Ubi-E-cad-GFP flies [35].
Dissections and Live Imaging
Nota from pupae 14–21 hr after puparium formation (APF) were dissected in
PBS for direct fixation or in serum-free M3 medium (Sigma) at room temper-
ature for live imaging or drug treatment experiments. For immunofluores-
cence analysis, tissue was fixed in 4% formaldehyde for 20 min before being
permeabilized by PBS containing 0.1% Triton X-100 (PBT). In experiments
designed to label surface E-cadherin, fixed samples were washed and la-
beled with antibody in PBS. Labeled samples were then permeabilized with
PBT prior to the addition of antibodies targeted against intracellular anti-
gens. For live imaging of tissue explants, dissected nota were placed in adrop of serum-free M3 medium under a coverslip. Control samples could be
imaged in this way for periods of up to 60 min without defects. For the anal-
ysis using molecular inhibitors, samples were placed in fresh serum-free M3
medium containing either 15 mM SecA in 1% DMSO, 0.5% BSA, or 80 mM Dy-
nasore in 0.4% DMSO for the times indicated. The same volume of vehicle
was added in control experiments. Secramine A came jointly from the Kirch-
hausen laboratory (Harvard Medical School) and the Hammond laboratory
(University of Louisville) and was synthesized by Bo Xu and G.B. Hammond
of the University of Louisville. To follow junctional dynamics in animals ex-
pressing E-cadherin-GFP, we cut a window in a pupal case attached to
a slide with double-sided tape, and placed a coverslip carrying a drop of in-
jection oil over the notum, supported by coverslips at either end, before im-
aging on an upright or inverted Leica SP2 or SP5 microscope. For both fixed
and live-imaging experiments, more than four animals were used for each
experiment and, when data were quantified, significance was established
with the Student’s t test.
Endocytosis Assay
Serum-free M3 medium containing 0.3 mM TRITC-labeled low-molecular-
weight Dextran (Molecular Probes) in the presence or absence of the appro-
priate drug was added to the dissected nota. The tissue was then washed in
serum-free M3 and processed for immunocytochemistry.
Immunocytochemistry
The following primary antibodies were used: rat anti-E-cad (1:1000, DSHB),
rat anti-aCat (1/100) [36], mouse anti-Arm (1:100, DSHB), rabbit anti-Lgl
(1:1000) [37], rabbit anti-nPKCx (1:1000, Santa Cruz Biotechnology), rabbit
anti-Par6 (1:500) [33], rabbit anti-Baz (1:2000, gift from A. Wodarz), and
mouse anti-Rab11 (1:100, BD transduction laboratories). AlexaFluor 488,
546, and 633 secondary antibodies were purchased from Molecular Probes.
Images were acquired on Zeiss LSM510, Leica SP2, or Leica SP5 confocal
microscopes. In all cases, both experimental and control samples were im-
aged with the same confocal system. All postacquisition processing with
Adobe Photoshop was identical within experiments, except in Figure 5I,
where image intensity was rescaled to compensate for differences in laser
power.
Electron Microscopy
Transmission EM was performed on 16 hr APF timed pupae. Dissected ep-
ithelial tissue was fixed for 30 min in 2% PFA/1.5% glutaraldehyde in 0.1M
sodium cacodylate before being postfixed in 1% osmium tetroxide/1.5%
potassium ferricyanide for 1 hr at 4C. The tissue was then treated with
0.1% tannic acid in 50 mM sodium cacodylate before dehydration and em-
bedding in a drop of epon sandwiched between a rubber mold and a glass
coverslip. Once baked, the glass-epon sandwich containing the tissue was
embedded on an epon stub, and the glass was removed with liquid nitrogen.
The sample was then trimmed with a razor blade and hacksaw to reorientate
the tissue for re-embedding enabling apical-basolateral cross-sectioning.
Ultrathin serial sections were prepared with a Leica UCT ultramicrotome
(Leica Microsystems, UK), collected on formvar slot grids, and examined,
after lead citrate staining, in Tecnai T12 electron microscope (FEI, The Neth-
erlands). In all cases, sections were cut perpendicular to the plane of the
epithelium. Images were captured with Morada CCD and iTEM software
(Olympus Soft Imaging solutions), which was also used for quantitative
analysis. All images therefore show junctions oriented in the epithelium such
that apical is up and basal down.
Supplemental Data
SupplementalData includefivefiguresand canbe foundwith thisarticleonline
at http://www.current-biology.com/supplemental/S0960-9822(08)01255-4.
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